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Introduction {#sec1}
============

The generation of neuronal networks requires neurons to connect to their synaptic partners with precision. This process is mediated through axon navigation, guided by the growth cone, which senses growth and guidance factors and transduces these signals to regulate the speed and direction of axon extension, often long distances away from the soma. Growing axons contain complex transcriptomes ([@bib87]), and the regulation of local translation and protein degradation allows the rapid and dynamic control of the axonal proteome in response to extracellular stimuli ([@bib8], [@bib13]). Previous studies have focused on only a handful of candidate transcripts regulated by guidance cues, even though more than 1,000 different mRNAs are known to reside in axons ([@bib41], [@bib55], [@bib84], [@bib5], [@bib77], [@bib40], [@bib83], [@bib78], [@bib26], [@bib32], [@bib87]). It is not known whether cues elicit large-scale translational changes across the axonal transcriptome or whether different guidance molecules trigger the translation of different subsets of mRNAs. A recent genome-wide analysis on the ribosome-associated mRNAs revealed a complex and dynamically regulated translatome in retinal axons *in vivo* ([@bib65]). This approach, however, did not provide information to distinguish the cue-induced translatome from the basal translatome and did not address the question of cue-specific up- and downregulation of newly synthesized proteins (NSPs). These questions require an unbiased analysis of the cue-induced nascent proteome in the axonal compartment over a short timescale.

The characterization and quantification of the nascent proteome of whole cells or tissue samples by metabolic labeling methods, such as pulsed stable isotope labeling of amino acids in cell culture (pSILAC) or bio-orthogonal non-canonical amino acid tagging (BONCAT), are straightforward due to sample abundance and typical labeling periods of hours ([@bib62], [@bib15], [@bib61]). However, a systematic analysis of the nascent proteome from very low sample amounts of a subcellular compartment, uncontaminated by the soma, over a short timescale (\<20 min) remains a major challenge ([@bib16]). To overcome these challenges, we applied pSILAC in a compartmentalized chamber in combination with ultrasensitive sample preparation technology, termed single-pot solid-phase-enhanced sample preparation (SP3) ([@bib30]). This enabled us to characterize and quantify the system-wide proteome dynamics in response to specific guidance cues from tiny amounts (≤2 μg) of somaless retinal axons on a timescale of minutes. Further, we used this unbiased highly sensitive approach to investigate the axonal proteomic changes that characterize the switch between repulsive and attractive chemotropic responses.

Our results revealed that hundreds of proteins, encompassing a wide range of cellular functions, are rapidly translated within the axonal compartment in basal conditions and in response to guidance cues. Comparative analysis of cue-induced newly synthesized proteomes revealed more than 100 nascent protein species regulated within just 5 min, some distinctly associated with specific guidance cues and some common to all cues. When cue-induced responses are switched from repulsion to attraction, a fraction of a common subset of NSPs undergo opposite regulation. Collectively, our data show rapid nascent proteome remodeling in response to guidance molecules and uncover subsets of opposite proteomic changes involved in the switch between repulsive and attractive chemotropic responses.

Results {#sec2}
=======

Ultrasensitive Proteomics Detects Rapid Changes in the Axonal Nascent Proteome {#sec2.1}
------------------------------------------------------------------------------

First, we tested whether the SP3 approach ([@bib30]) was sufficiently sensitive for detecting the nascent proteome of axons of a single cell type within 5 min in basal (non-stimulated) conditions. To obtain isolated axons, we cultured intact whole-eye primordia from *Xenopus laevis* embryos in compartmentalized transfilter chambers ([Figure 1](#fig1){ref-type="fig"}A) ([@bib81]). Explanted whole eyes maintain their anatomical integrity in culture, and only the axons of retinal ganglion cells (RGCs) exit the eye to grow through the 1 μm pores of the transfilter onto the lower surface ([Figure 1](#fig1){ref-type="fig"}A). Immunostaining of eye sections with specific markers verified the exclusive presence of RGC axons exiting the eye ([Figures S1](#mmc1){ref-type="supplementary-material"}A--S1C) and the absence of nuclei and dendrites ([Figures S1](#mmc1){ref-type="supplementary-material"}D and S1E) on the lower surface of the transfilter. Axonal purity was further demonstrated by RT-PCR, showing the presence of β-actin mRNA and of the axonal marker microtubule-associated protein Tau (Mapt) mRNA ([Figure 1](#fig1){ref-type="fig"}B; [Figure S1](#mmc1){ref-type="supplementary-material"}F) ([@bib41], [@bib43]) and the absence of somal and dendritic mRNAs in the axonal material collected from the transfilter ([Figure 1](#fig1){ref-type="fig"}B; [Figure S1](#mmc1){ref-type="supplementary-material"}F).Figure 1pSILAC-SP3 Detects the Axonal Newly Synthesized Proteome within 5 min(A) Intact whole-eye primordia were cultured in compartmentalized Boyden chambers. Only the axons of RGCs exit the eye---via optic nerve head (ONH)---and extend through the 1 μm pores to grow on the laminin-coated underside of the transfilter. Cell bodies and dendrites remain in the eye on the upper surface and are removed immediately prior the experiment, leaving pure somaless axons.(B) RT-PCR confirms the purity of the axonal compartment. Actb (positive control; [@bib41]), but not Actg or Brn3 (negative controls; [@bib81], [@bib85]), mRNAs were detected.(C) Schematic representation of the pSILAC-SP3 methodology applied to somaless retinal axons. Axons are exposed to vehicle or cue in pSILAC medium containing either "medium" or "heavy" isotope-coded Arg and Lys.(D) Proteins identified in axons derived from 100 eye explants and NSPs identified in axons after 5 min of pSILAC. Error bars, SEM.(E) Density distribution of basal NSPs per minute relative to total protein amount. Red line indicates the median.(F) Enriched GO terms in the biological process, molecular function, and cellular composition categories for constitutive axonal NSPs (p \< 0.1).(G) Enriched KEGG pathways for constitutive axonal NSPs (p \< 0.1). Circle size and numbers indicate NSP counts.See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

Given the limited availability of axonal material, we assessed the detection sensitivity of the SP3 protocol on axon samples derived from 100 eye explants (≤2 μg protein typical yield) ([@bib30]). SP3-MS (mass spectrometry) analysis identified more than 1,000 proteins ([Figure 1](#fig1){ref-type="fig"}D; [Table S3](#mmc2){ref-type="supplementary-material"}). In line with our results on axonal purity ([Figures S1](#mmc1){ref-type="supplementary-material"}D--S1F), the RGC marker γ-synuclein was detected in the axonal proteome, whereas dendrite markers were absent ([Table S3](#mmc2){ref-type="supplementary-material"}). To investigate the newly synthesized proteome, we incubated retinal cultures for 1 hr in medium depleted of lysine and arginine. Subsequently, the cell bodies were eliminated by eye removal from the upper surface of the transfilter, and the somaless axons on the lower transfilter surface were incubated for 5 min with "Medium" (M) isotope-coded amino acids (Lys4, Arg6). After lysis, the pSILAC axon samples were processed by SP3 prior to MS analysis ([Figure 1](#fig1){ref-type="fig"}C). pSILAC-SP3 detected an average of 350 NSPs that incorporated the labeled amino acids under basal conditions following a 5 min pulse of SILAC in a ≤2 μg axonal sample ([Figure 1](#fig1){ref-type="fig"}D; [Table S3](#mmc2){ref-type="supplementary-material"}).

The distribution of the M label incorporation rate in NSPs relative to total protein, calculated as (M/(M+L))/5 min, where "Medium" represents the basally NSPs and "Light" (L) indicates the pre-existing proteins, showed that protein synthesis occurs at a basal level in non-stimulated axons and that signals, although low, were consistently detectable (median = 1.4% of the total signal; [Figure 1](#fig1){ref-type="fig"}E). Samples were analyzed in biological triplicate to assess reproducibility, which yielded an average Pearson's correlation coefficient (PCC) of 0.6 between replicates ([Figure S1](#mmc1){ref-type="supplementary-material"}G), higher than the PCC derived from 20 min BONCAT-pSILAC previously carried out on ∼10^7^ RAW 264.7 macrophages (PCC = −0.11; [@bib16]). These data indicate that approximately one-third of the axonal proteome is synthesized locally ([Figure 1](#fig1){ref-type="fig"}D). A positive correlation was found between the abundance of pre-existing proteins and NSPs ([Figure S1](#mmc1){ref-type="supplementary-material"}H), indicating borderline detection of *de novo* synthesis for low-abundance proteins due to the sample scarcity and short timescale. The ratios between newly synthesized and pre-existing proteins correlated negatively with the abundance of the pre-existing proteins (PCC = −0.5; [Figure S1](#mmc1){ref-type="supplementary-material"}I), suggesting that the average basal translation rate is relatively constant for the majority of the proteins.

To gain insight into the potential function of basal protein synthesis in developing axons, we conducted functional Gene Ontology (GO) enrichment analysis. "ribosome and translation" was the most-enriched category ([Figure 1](#fig1){ref-type="fig"}F), consistent with evidence from the *in vivo* mouse axonal translatome ([@bib65]). The "proteasome complex" was also significantly enriched ([Figure 1](#fig1){ref-type="fig"}F), in line with the *in vivo* mouse axonal translatome and with previous work showing that ubiquitin-proteasome system (UPS) components are abundant in growth cones and that axonally synthesized proteins undergo a particularly high degree of UPS-dependent turnover ([@bib13]). A further highly enriched cluster was the "extracellular region part," containing extracellular matrix (ECM) proteins. Of note, these categories were much more enriched than the "actin binding" one ([Figure 1](#fig1){ref-type="fig"}F). Similar to the GO analysis, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis revealed significant enrichment in "ribosome," "cell adhesion molecules," and "ECM-receptor interaction" pathways ([Figure 1](#fig1){ref-type="fig"}G). KEGG analysis also highlighted several metabolic pathways linked to amino acid synthesis, such as "histidine metabolism" and "glycolysis," suggesting that the axon is equipped with its own biosynthetic processes and energy supply ([Figure 1](#fig1){ref-type="fig"}G; [Figure S1](#mmc1){ref-type="supplementary-material"}L). Several of the metabolic NSPs belonged to the "mitochondrion" and "mitochondrial matrix" GO categories ([Figure S1](#mmc1){ref-type="supplementary-material"}L). Categories related to stress and apoptosis were absent, consistent with evidence showing that axons deprived of their cell bodies do not exhibit anatomical signs of degeneration up to ∼3 hr ([@bib24]).

The results demonstrate that NSPs can be detected in extremely small quantities of subcellular material within minutes by pSILAC-SP3. Furthermore, they show that developing axons basally synthesize proteins encompassing a wide range of cellular functions, suggesting the capacity to locally replenish metabolic proteins and machineries subject to high protein turnover.

Guidance Cues Trigger Rapid Wide-Scale Remodeling of the Nascent Axonal Proteome {#sec2.2}
--------------------------------------------------------------------------------

To investigate whether guidance cues induce a proteome-wide response and whether it changes over time, we carried out pSILAC-SP3 on somaless axons stimulated with three different cues present along the visual pathway (brain-derived neurotrophic factor \[BDNF\], Netrin-1, and Semaphorin3A \[Sema3A\]), together with "heavy" (H) isotope labels (Lys8, Arg10), for 5, 15, and 30 min. Control somaless axon samples were incubated simultaneously with M isotope labels (Lys4, Arg6). Subsequently, in each independent replicate, control and cue-stimulated samples sharing the same pulse duration were lysed, pooled, and processed through SP3 ([Figure 1](#fig1){ref-type="fig"}C). To obtain ∼2 μg of axonal material, we explanted 100 eye primordia per transfilter, yielding \<5,000 axons, and cultured more than 1,800 eyes for each single replicate.

The MS analysis revealed up to 500 quantified NSP changes per cue stimulation undergoing a similar trend across the biological replicates (meeting the requirements (1) quantified in \>50% of biological replicates, (2) standard deviation (SD) ≤ 1, (3) average log~2~(H/M) \> \|0.3\|) and up to 166 significant NSP changes per cue stimulation, thus indicating that guidance cues cause wide-scale remodeling of the nascent proteome ([Figure 2](#fig2){ref-type="fig"}; [Table S3](#mmc2){ref-type="supplementary-material"}). This large set of changes was reproducibly detected after just 5 min of cue stimulation (up to 108 significant NSP changes). Whereas previous studies have mainly shown that some mRNAs can be translated in response to cue stimulation, our data revealed that, in addition to upregulation, several NSPs undergo cue-induced downregulation ([Figure 2](#fig2){ref-type="fig"}), thus indicating tight control of the axonal nascent proteome in both directions. As expected, given the limiting rate of protein synthesis, the NSPs upregulated in response to cues at the 5 min time point are shifted slightly toward a smaller size with respect to the axonal proteome size distribution ([Figure S2](#mmc1){ref-type="supplementary-material"}A).Figure 2Guidance Molecules Trigger Rapid and Wide-Scale Up/Down Remodeling of the Nascent Axonal ProteomeHierarchical clustering of cue-induced NSP changes (log~2~(H/M)) at different time points (5′, 15′, 30′) derived from ≥3 independent biological replicates per each cue stimulation (derived from 5, 5, and 3 independent biological replicates for stimulation with BDNF, Netrin-1, and Sema3A, respectively). Red indicates upregulation, blue indicates downregulation, and dark gray indicates NSP quantified in \<50% of biological replicates. Proteins not annotated in *Xenopus laevis* were blasted against *Xenopus tropicalis* (identity ≥ 90%, indicated in gray). See also [Figure S2](#mmc1){ref-type="supplementary-material"}.

We next asked how cue-induced NSP changes correlate with the abundance of their local transcripts by comparing the mRNA levels in retinal growth cones of *Xenopus* stage 32 ([@bib87]) with the abundance of repulsive cue-induced heavy-labeled NSPs. This yielded a significant but low positive correlation (ρ = 0.33; [Figure S2](#mmc1){ref-type="supplementary-material"}B), as seen in other systems ([@bib23], [@bib59]). The results suggest that cue-induced NSP changes, supported to some degree by local transcriptome levels, rapidly remodel the axonal nascent proteome on a wide scale in both up and down directions.

Validation of the Axonal Nascent Proteome {#sec2.3}
-----------------------------------------

To validate the pSILAC-SP3 data, we used two orthogonal methods: (1) puromycylation combined with proximity ligation assay (puro-PLA) to quantify protein synthesis ([Figures 3](#fig3){ref-type="fig"}A--3C; [Figure S3](#mmc1){ref-type="supplementary-material"}A; [Table S1](#mmc1){ref-type="supplementary-material"}) ([@bib75]) and (2) quantitative immunofluorescence (qIF) to measure the overall total protein level ([Figures 3](#fig3){ref-type="fig"}D and 3E; [Figure S3](#mmc1){ref-type="supplementary-material"}A; [Table S1](#mmc1){ref-type="supplementary-material"}). For puro-PLA, the use of one single antibody and rabbit IgG served as two independent negative controls, confirming the absence of a non-specific signal ([Figure 3](#fig3){ref-type="fig"}B; [Figure S3](#mmc1){ref-type="supplementary-material"}A). Sixteen NSP changes were chosen from the proteomic dataset for validation, representing proteins across different functional categories, in stimulated and non-stimulated conditions, after various pulses of SILAC (5, 15, or 30 min) and exhibiting different average log~2~ ratios ([Table S1](#mmc1){ref-type="supplementary-material"}). We confirmed the two negative controls ([Figures 3](#fig3){ref-type="fig"}A and 3B) whose transcripts were not detected in axons ([Figure 1](#fig1){ref-type="fig"}B) and successfully validated 15 out of 16 NSP changes ([Figures 3](#fig3){ref-type="fig"}B--3E; [Figure S3](#mmc1){ref-type="supplementary-material"}A). The majority of the mRNAs corresponding to the validated NSPs were previously detected in axons ([Table S1](#mmc1){ref-type="supplementary-material"}). The pSILAC and fluorescence-based "cue/control condition" ratios showed a strong positive correlation (PCC = 0.81) ([Figure 3](#fig3){ref-type="fig"}F). The correlation was higher for the puro-PLA data than the immunofluorescence (IF) data, which was expected due to the higher degree of specificity of the puro-PLA method that detects only the NSPs and not total protein. For example, at 5 min, both pSILAC and puro-PLA revealed that Sema3A upregulates histone H4 translation ([Figures 3](#fig3){ref-type="fig"}B and 3C; [Table S1](#mmc1){ref-type="supplementary-material"}), whereas the total protein amount of H4 does not change at 5 min and significantly decreases following 15 min Sema3A stimulation ([Figure S3](#mmc1){ref-type="supplementary-material"}B). This decrease is blocked by Ciliobrevin A, a dynein inhibitor that prevents retrograde transport ([Figure S3](#mmc1){ref-type="supplementary-material"}B) ([@bib18]), suggesting that H4 may be transported back to the nucleus after being locally translated in response to Sema3A. This indicates that the amount of total protein does not necessarily correlate with the amount of locally synthesized protein and illustrates a further dynamic complexity in the proteomic response to cues.Figure 3Validation of the pSILAC-SP3 Approach in Axonal Growth Cones(A) Images of puro-PLA for negative controls ([Figure 1](#fig1){ref-type="fig"}B).(B and C) Puro-PLA quantification (B) and representative images (C) to validate NSPs across different functional categories, conditions, and time points ([Table S1](#mmc1){ref-type="supplementary-material"}; Mann-Whitney test and one-way ANOVA with Bonferroni's multiple comparisons test).(D and E) IF representative images (D) and quantification (E) to validate NSPs across different functional categories, conditions, and time points ([Table S1](#mmc1){ref-type="supplementary-material"}; Mann-Whitney test and one-way ANOVA with Bonferroni's multiple comparisons test).(F) Direct comparison of pSILAC and IF-derived detection of NSPs reveals excellent correlation with r = 0.81 (r~puro-PLA~ = 0.87; r~qIF~ = −0.41).Error bars, SEM. Scale bars, 5 μm. See also [Figure S3](#mmc1){ref-type="supplementary-material"}.

It should be noted that while pSILAC-SP3 was carried out on axons plus growth cones ([Figure 1](#fig1){ref-type="fig"}C), the validation above was carried out on single growth cones as these are easily identifiable by their expanded morphology, aiding accurate quantification of the immunofluorescence signal per unit area, whereas retinal axons often fasciculate together in bundles, making quantitative measurement more challenging. To test the validity of growth cone sampling on axons, we selected one of the growth-cone-validated NSP changes (puro-Pdi PLA in response to 15 min Sema3A stimulation; [Figures 3](#fig3){ref-type="fig"}B, 3C, and 3F) and conducted qIF on the axon shaft (distal 20 μm segment). The results correlated with both the growth cone qIF values and the pSILAC ([Figures S3](#mmc1){ref-type="supplementary-material"}C and S3D; [Figure 3](#fig3){ref-type="fig"}F; [Table S1](#mmc1){ref-type="supplementary-material"}), indicating consistency between the two types of sampling analyses (growth cone versus axon).

We also interrogated the pSILAC datasets for proteins previously reported to be axonally translated in basal conditions or in response to the same cues and stimulation time used in our experiments. The analysis confirmed the pSILAC-SP3 detection of the majority of protein changes (8/10), including some from axons of other species and types of neurons ([Table S2](#mmc1){ref-type="supplementary-material"}). The 2/10 protein changes not detected by pSILAC-SP3 were previously reported in mouse cortical and hippocampal growth cones and identified in the retinal axonal translatome ([Table S2](#mmc1){ref-type="supplementary-material"}) ([@bib65]). This suggests that either the pSILAC-SP3 approach has limited sensitivity due to the paucity of axonal sample and the rapid timescale or that not all responses to cues are conserved among different species.

Finally, we compared the pSILAC-SP3 outcome in response to cues versus the mRNAs bound *in vivo* to ribosomes in the RiboTag mouse RGC axons at three developmental stages: embryonic day 17.5 (E17.5) (axon elongation), postnatal day 0.5 (P0.5) (axon branching), and P7.5 (pruning) ([@bib65]). Comparative analysis revealed an overlap at stages E17.5 and P0.5 ([Figure S3](#mmc1){ref-type="supplementary-material"}E), consistent with previous evidence showing a physiological relevance for the cues investigated and local translation in axon elongation, branching, and synaptogenesis ([@bib26], [@bib82], [@bib9], [@bib11], [@bib45], [@bib44], [@bib1]). The abundance of the NSPs showed a positive correlation with the RiboTag data ([Figure S3](#mmc1){ref-type="supplementary-material"}E), although this was unsurprisingly low given the difference between the *in vitro* and the *in vivo* context (e.g., axons experience multiple cues simultaneously in the tectum) and the different species.

Guidance Cues Induce a Temporally Dynamic Newly Synthesized Proteome {#sec2.4}
--------------------------------------------------------------------

Next, we asked whether the newly synthesized proteome is dynamic over the 30 min period of stimulation. Both common and different NSP changes were detected among different cue stimulation periods (5 min, 15 min, 30 min; [Figure 4](#fig4){ref-type="fig"}A). For example, several vacuolar ATPase subunits belonging to the metabolic pathways were upregulated in response to BDNF over the whole stimulation time ([Figure 4](#fig4){ref-type="fig"}A). Several proteins underwent translational change at 5 min, but not 15 and 30 min, suggesting that these proteins might subsequently undergo homeostatic regulation, UPS-mediated degradation, retrograde transport, or secretion. For example, several proteins involved in endocytosis (e.g., Rab11b) were uniquely upregulated after 5 min Sema3A stimulation but not at later time points, possibly due to an immediate burst in synthesis followed by retrograde transport ([Figure 4](#fig4){ref-type="fig"}A) ([@bib88]). Similarly, the Netrin-1 axon guidance receptor Kazald1 was the most upregulated NSP within 5 min Netrin-1 stimulation but was not detected at later time points, suggesting an autocrine mechanism underlying the rapid amplification of Netrin-1 signaling ([@bib10]). Other NSPs were regulated only at later time points (e.g., some ribosomal proteins) ([Figure 4](#fig4){ref-type="fig"}A). Similarly, functional enrichment analysis revealed GO clusters that were constant (e.g., "cytoskeleton") and differentially enriched (e.g., "cellular macromolecular complex subunit organization") along the time course of one cue stimulation ([Figure 4](#fig4){ref-type="fig"}B; [Figure S4](#mmc1){ref-type="supplementary-material"}). These data indicate that part of the cue-induced axonal nascent proteome changes dynamically during the period of stimulation.Figure 4Nascent Axonal Proteome Changes Dynamically over the Duration of Cue Stimulation(A) Overlap of the NSP changes among different times of stimulation in response to each cue. Both common (i.e., the same NSP undergoes similar directional change with log~2~(H/M) ratio \> \|0.3\|) and different (i.e., a new NSP exhibits change with log~2~(H/M) ratio \> \|0.3\| or the same NSP undergoes opposite directional change) NSP changes were detected among different cue stimulation periods. Rectangles with solid lines outline KEGG pathway analysis for the NSP changes unique for each time point, and rectangles with dashed lines outline KEGG pathway analysis for the NSP changes constant among different time points (cutoff ≥ 3 proteins per pathway). Red indicates upregulated pathways, and blue indicates downregulated pathways.(B) Enriched GO terms in the biological process, molecular function, and cellular composition categories of selected categories (category count \> 15; for complete table, see [Figure S4](#mmc1){ref-type="supplementary-material"}). Rectangles indicate significantly enriched GO terms (p \< 0.05).See also [Figure S4](#mmc1){ref-type="supplementary-material"}.

Different Guidance Molecules Induce Cue-Specific Signatures {#sec2.5}
-----------------------------------------------------------

To discover whether different guidance cues induce the same or different sets of NSP changes, we compared the nascent proteomes of axons in response to the three cues---BDNF, Netrin-1, and Sema3A---at three different time points. Principal component analysis (PCA) showed that the factor contributing the most to the total variation is the type of cue ([Figure 5](#fig5){ref-type="fig"}A). The stimulation time also contributed to the total variation (consistent with our previous findings; [Figures 4](#fig4){ref-type="fig"}A and 4B), but the three time points for each cue stimulation clustered together, indicating that they are coordinately controlled by a specific cue signaling pathway ([Figure 5](#fig5){ref-type="fig"}A).Figure 5Different Guidance Molecules Induce Both Common and Distinct NSP Signatures(A) Principal component analysis (PCA) based on the NSP changes identified in response to the three cue stimulations and time points.(B) Hierarchical clustering of the NSP changes (averaged over the three time points) exhibiting similarity (SD \< 0.5) among different cue stimulations.(C) Hierarchical clustering of the NSP changes (averaged over the three time points) exhibiting diverging behavior (SD \> 0.5) among different cue stimulations. Proteins not annotated in *Xenopus laevis* were blasted against *Xenopus tropicalis* (identity ≥ 90%, indicated in gray).(D) Overlap of the three cue-induced NSP changes (averaged over the three time points). Rectangles outline the NSP changes unique per cue stimulation and their enriched GO terms in the biological process, molecular function, and cellular composition categories (p \< 0.1).

To quantify and identify the different and common NSP changes in response to the three cue stimulations, we first filtered our datasets by averaging the three time points. We then partitioned proteins with SD \< 0.5 ("common" among different cue stimulations; [Figure 5](#fig5){ref-type="fig"}B) and \>0.5 ("different" among different cue stimulations; [Figure 5](#fig5){ref-type="fig"}C). NSPs such as cytoskeletal proteins (e.g., β-actin and several α- and β-tubulin isotypes), cell adhesion proteins (e.g., L1cam-a), proteins involved in endo- and exocytosis (e.g., Vamp2), "nuclear" proteins (e.g., histone H2b), and several proteasomal subunits were similarly regulated by all three cues ([Figures 5](#fig5){ref-type="fig"}B and 5C). As these cues all act as chemorepellents in our culture conditions (10 μg/mL laminin substrate; [@bib28], [@bib8]), the shared NSP changes may underlie a common chemorepulsive mechanism.

In addition to these common NSPs, the different cues also elicited distinct changes ([Figure 5](#fig5){ref-type="fig"}C). For example, the RNA-binding protein (RBP) Hnrnpa1 was upregulated in response to Netrin-1 and BDNF, but not Sema3A, in line with previous evidence showing that BDNF stimulation increases Hnrnpa1 and its association with specific mRNAs ([@bib86]). Histone H4 was upregulated in response to Sema3A and Netrin-1 but not in response to BDNF ([Figure 5](#fig5){ref-type="fig"}C). Several proteasomal and ribosomal proteins, as well as proteins involved in neurite and filopodia adhesion, outgrowth, and motility, also exhibited differential regulation in response to distinct cues ([Figure 5](#fig5){ref-type="fig"}C). For example, Tuba1a was upregulated in response to Netrin-1 but downregulated in response to Sema3A ([Figure 5](#fig5){ref-type="fig"}C).

Next, we analyzed the NSP changes unique to each cue and found 83 for Netrin, 93 for BDNF, and 70 for Sema3A ([Figure 5](#fig5){ref-type="fig"}D). Functional enrichment analysis revealed that, for example, BDNF, but neither Netrin-1 nor Sema3A, upregulated the "RNA binding" group comprising several RBPs involved in mRNA transport and splicing and various translational control factors, such as eIF5A ([Figure 5](#fig5){ref-type="fig"}D), reminiscent of its role downstream of NGF stimulation in mediating cell survival and neurite outgrowth ([@bib29]). Netrin-1 uniquely downregulated the "cell redox homeostasis" functional cluster whereas Sema3A upregulated it. Sema3A uniquely upregulated GTP binding proteins reported to be involved in growth cone collapse ([Figure 5](#fig5){ref-type="fig"}D) ([@bib31]). Collectively, the data reveal shared signatures, possibly underlying a common chemorepulsive action, and cue-specific changes in the nascent proteome.

Repulsive Gradient Elicits Proteomic Changes with Opposite Spatial Polarity {#sec2.6}
---------------------------------------------------------------------------

To explore the biological significance of the cue-induced proteomic changes and their potential role in the chemotropic response, we analyzed NSP localization in growth cones following gradient stimulation. We chose two NSPs belonging to different functional categories and undergoing the same change in response to all three different repulsive cue stimulation: β-actin, which is commonly downregulated, and RpSA (40S ribosomal protein SA), which is commonly upregulated ([Figures 2](#fig2){ref-type="fig"}, [5](#fig5){ref-type="fig"}B, and 5C). We reasoned that a repulsive gradient may elicit a polarized decrease in β-actin on the near-stimulus side of the growth cone, leading to polarized (near-side) filopodial collapse and repulsive turning. To test this, a gradient of Sema3A was applied for 7 min at a 90° angle to the growth cone to achieve a steep difference between the "near" and the "far" sides of the growth cone. As predicted, qIF indicated that a Sema3A gradient causes a rapid decrease in β-actin on the near- versus the far-stimulus side ([Figures 6](#fig6){ref-type="fig"}A and 6B). We confirmed the asymmetrical localization by comparing the center of mass of β-actin signal intensity between the control and Sema3A conditions, which revealed an equivalent shift away from the Sema3A gradient ([Figure 6](#fig6){ref-type="fig"}C).Figure 6Repulsive Cue Gradient Elicits Proteomic Changes in RpSA and β-actin with Opposite Spatial Polarity within the Growth Cone(A) Growth cone stained for β-actin with a line dividing the near and far sides. Arrow indicates the 90° polarized gradient.(B) Asymmetric decrease of β-actin assessed by the near/far ratio method (unpaired t test).(C) Asymmetric decrease of β-actin assessed by "center of mass" method (unpaired t test).(D) Growth cone stained for RpSA with a line dividing near and far sides. Arrow indicates the 90° polarized gradient.(E) Asymmetric decrease of RpSA assessed by near/far ratio method (unpaired t test).(F) Asymmetric decrease of RpSA assessed by center of mass method (unpaired t test).(G) Repulsive model: β-actin decreases on the near-stimulus side, helping cytoskeleton deconstruction and growth cone collapse, whereas RpSA/67lr increases on the far-stimulus side, thus increasing F-actin and cell adhesion.Error bars, SEM. Scale bars, 5 μm. See also [Figure S5](#mmc1){ref-type="supplementary-material"}.

RpSA was the only ribosomal protein to undergo the same change (increase) in response to all three repulsive cue stimulations ([Figures 2](#fig2){ref-type="fig"} and [5](#fig5){ref-type="fig"}B). When dimerized, RpSA (a.k.a. 67 kDa laminin receptor \[67lr\]), can play an extra-ribosomal role by functioning as a cell surface receptor for laminin contributing to cell adhesion, cytoskeletal rearrangement, and directional turning ([@bib33], [@bib28], [@bib76]). Selective activation of 67lr with epigallocatechin-3-gallate (EGCG) ([@bib70]) caused an increase in the number of filopodia and filamentous-actin (F-actin) ([Figures S5](#mmc1){ref-type="supplementary-material"}A--S5C). Live imaging revealed that this was due to decreased filopodial retraction ([Figure S5](#mmc1){ref-type="supplementary-material"}D), an effect likely due to increased cell adhesion, as suggested by a marked decrease in growth cone speed ([Figure S5](#mmc1){ref-type="supplementary-material"}E). We then asked how RpSA/67lr was distributed spatially across the growth cone in response to a Sema3A gradient, as in the β-actin experiment above. qIF revealed a significant increase in RpSA signal on the far-stimulus side of the growth cone ([Figures 6](#fig6){ref-type="fig"}D and 6E). Center-of-mass displacement analysis confirmed a significant shift away from the gradient side ([Figure 6](#fig6){ref-type="fig"}F).

The results point toward a general model whereby polarized repulsive stimuli elicit a complex set of spatially compartmentalized proteomic changes that remodel the growth cone and direct turning. Those on the near-stimulus side, for example, promote cytoskeletal disassembly (decrease in β-actin), while those on the far side promote adhesion (increase in 67lr), cytoskeleton assembly (increase in F-actin), and filopodial accumulation, thus helping the growth cone to steer away from the repulsive source ([Figure 6](#fig6){ref-type="fig"}G).

Switching from Repulsion to Attraction Induces Opposite Changes in the Nascent Proteome {#sec2.7}
---------------------------------------------------------------------------------------

We next investigated how the newly synthesized axonal proteome changes when a cue is switched from repulsive to attractive. Axons were co-treated with a cue and one of the following pharmacological reagents that switch the directional response of the growth cone from repulsive to attractive: Tautomycin, an inhibitor of protein phosphatase 1, for Netrin-1 ([@bib80]); Sp-cAMP, a membrane-permeable analog of cyclic adenosine monophosphate (cAMP), for BDNF ([@bib66]); and 8-Br-cGMP, a membrane-permeable agonist of cyclic guanosine monophosphate (cGMP), for Sema3A ([@bib67]). Three not mutually exclusive scenarios were envisaged: switching to attraction induces (1) distinct NSP changes, (2) opposite changes for the same NSPs, and (3) the same NSP changes with opposite spatial distribution within the growth cone. Correlation analysis showed that the repulsive cue-induced nascent proteomes corresponding to the three time points clustered together, whereas they exhibited a PCC close to 0 with respect to the attractive cue-induced nascent proteomes ([Figure 7](#fig7){ref-type="fig"}A). This outcome was consistent with the PCA ([Figure S6](#mmc1){ref-type="supplementary-material"}A), thus pointing toward hypotheses 1 and 2.Figure 7Opposite Regulation of Shared NSPs Underlies Conversion of Netrin-1 Repulsion to Attraction(A) PCC correlation values among the different cue-induced axonal nascent proteomes.(B) Overlap of the three attractive cue-induced NSP changes following 15 min stimulation. Solid rectangles outline the NSP changes unique for each cue stimulation, and dashed rectangles outline the NSP changes in common between Sema3A and BDNF and their related enriched GO terms in the biological process, molecular function, and cellular composition categories (p \< 0.1).(C) Plot showing repulsive and attractive Netrin-1 ratios. Circle size correlates with count number, and colored dots indicate commonly regulated NSPs (count \> 50%, average ratio \> \|0.30\|). Blue indicates NSPs undergoing opposite change, and red indicates NSPs undergoing the same change. Examples of NSP changes are labeled with protein name (for complete list, see [Table S5](#mmc4){ref-type="supplementary-material"}).(D) Common NSP changes after converting Netrin-1 repulsion into attraction (count \> 50%, average ratio \> \|0.30\|).(E) Network-based cluster analysis of the enriched Netrin-1-induced NSP changes and their associated functional classes (p \< 0.1). Blue nodes indicate NSPs undergoing opposite change, red nodes indicate NSPs undergoing same change, light blue lines indicate interactions known from databases, and purple lines indicate interactions experimentally determined. Disconnected nodes are not shown (i.e., more NSPs for each enriched functional cluster have been detected).See also [Figures S6](#mmc1){ref-type="supplementary-material"} and [S7](#mmc1){ref-type="supplementary-material"}.

Similar to the repulsive cue-specific outcome ([Figure 5](#fig5){ref-type="fig"}D), the attractive cue-induced nascent proteome analysis revealed that the majority of the NSP changes were cue specific, although BDNF and Sema3A shared a much higher number of NSP changes than Netrin-1 ([Figure 7](#fig7){ref-type="fig"}B; [Table S4](#mmc3){ref-type="supplementary-material"}). Pharmacological treatments, it should be noted, may also induce additional effects (e.g., Sp-cAMP can alter mTOR in addition to protein kinase A; [@bib37]). We then compared the attractive cue-induced nascent proteomes to the respective repulsive ones. We found that up to 122 NSPs were commonly regulated between repulsion and attraction ([Figure 7](#fig7){ref-type="fig"}C; [Figures S6](#mmc1){ref-type="supplementary-material"}B and S6C; [Table S5](#mmc4){ref-type="supplementary-material"}). In strong support of hypothesis 2, up to 73% of these common subsets (53%, on average, among the three cue stimulations) underwent an opposite change with the switch from repulsion to attraction ([Figure 7](#fig7){ref-type="fig"}D; [Figure S6](#mmc1){ref-type="supplementary-material"}D; [Table S5](#mmc4){ref-type="supplementary-material"}) and exhibited a strong negative correlation (PCC = −0.79, on average, among the three cue stimulations; [Figure 7](#fig7){ref-type="fig"}C; [Figures S6](#mmc1){ref-type="supplementary-material"}B and S6C). Some NSP changes were cue specific; for example, Olfactomedin 1 (Olfm1) was specifically downregulated in response to repulsive Netrin-1 and upregulated in attractive conditions ([Figure 7](#fig7){ref-type="fig"}C), in accord with recent work on mouse dorsal root ganglia showing that Olfm1 is involved in inhibiting growth cone collapse and promoting axon growth ([@bib51]). Cortactin (Ctt), reported to promote actin network density, lamellipodial protrusion, and filopodial formation and stability in growth cones, was specifically upregulated in response to attractive BDNF and downregulated in response to repulsive BDNF ([Figure S6](#mmc1){ref-type="supplementary-material"}B) ([@bib25]). Growth-associated protein-43 (Gap43), whose knockdown causes a failure in commissural axon guidance and reduced levels of F-actin in growth cones ([@bib64]), was specifically upregulated in response to attractive Sema3A and downregulated in response to repulsive Sema3A ([Figure S6](#mmc1){ref-type="supplementary-material"}C). Some NSP changes were shared between common repulsive-attractive subsets of distinct cue stimulations ([Figures S6](#mmc1){ref-type="supplementary-material"}B and S6C). For example, the cell adhesion molecule L1cam, necessary for topographic mapping of retinal axons ([@bib14]), was upregulated in response to all three repulsive cues and downregulated in response in all three attractive conditions ([Figure 7](#fig7){ref-type="fig"}C; [Figures S6](#mmc1){ref-type="supplementary-material"}B and S6C). Together with our findings of polarized RpSA/67lr synthesis ([Figures 5](#fig5){ref-type="fig"}B and [6](#fig6){ref-type="fig"}D--6G), this suggests a generalized cell adhesion model in which adhesion molecules increase on the far-stimulus side in response to a polarized repulsive gradient and decrease on the far-stimulus side in response to an attractive gradient.

Interestingly, 47% of NSP changes, on average, underwent the same change in attractive and repulsive conditions ([Figure 7](#fig7){ref-type="fig"}D; [Figure S6](#mmc1){ref-type="supplementary-material"}D), exhibiting a strong correlation (PCC = 0.72, on average, among the three cue stimulations; [Figure 7](#fig7){ref-type="fig"}C; [Figures S6](#mmc1){ref-type="supplementary-material"}B and S6C). This is exemplified by the upregulation of many proteins known to underlie the formation of presynaptic terminals and functional synapses (e.g., Cadm1, Ptprd) in response to both repulsive and attractive BDNF ([Figure S6](#mmc1){ref-type="supplementary-material"}B), in accord with previous work showing that BDNF elicits synaptogenesis ([@bib6], [@bib71], [@bib1]).

Network-based functional enrichment analysis of the NSPs regulated downstream of each Netrin-1, BDNF, and Sema3A pathway in both attractive and repulsive conditions revealed that several NSP changes undergoing the same or opposite regulation belong to classes of proteins with related biological function ([Figure 7](#fig7){ref-type="fig"}E; [Figures S6](#mmc1){ref-type="supplementary-material"}E and S6F), indicating that functionally coherent sets of mRNAs are differentially translationally regulated. A network-based overview of the functionally enriched groups regulated by the three repulsive-attractive cues showed that several of these functional clusters are conserved across different cue stimulations, although the particular proteins regulated can be cue specific ([Figure S7](#mmc1){ref-type="supplementary-material"}). Collectively, the results strengthen the finding that different cues induce distinct proteomic signatures. Furthermore, they show that guidance molecules coordinate functionally coherent sets of NSPs and switch between repulsion and attraction by inducing distinct NSP changes and by bidirectionally regulating common NSPs.

Neurological Disorder-Associated NSPs Suggest Novel Connections between Local Translation and Disease {#sec2.8}
-----------------------------------------------------------------------------------------------------

In light of recent work showing that constitutive translation of Lamin B2 (also detected in our basal axonal nascent proteome; [Table S3](#mmc2){ref-type="supplementary-material"}) supports axon maintenance and that the excessive axonal translation of the Activating transcription factor 4(Atf4) spreads Alzheimer's disease pathology across the brain ([@bib85], [@bib3]), we investigated whether any of the axonal NSPs are linked to neurological disorders. KEGG disease analysis revealed more than 60 axonal proteins basally translated or translationally regulated in response to cue stimulation to be associated with 43 different neurological dysfunctions ([Table 1](#tbl1){ref-type="table"}). These include proteins such as Amyloid beta precursor protein (App) and Mapt, whose aggregates are associated with neurodegenerative disorders. Several proteins are related to amyotrophic lateral sclerosis (ALS), in line with recent evidence suggesting that defective axonal mRNA translation may underlie ALS progression ([@bib49]). NSPs causative of Charcot-Marie-Tooth disease were also identified in strong accord with the axon growth, pathfinding, and branching defects characterizing this pathology at early developmental stages ([@bib56]). These findings strengthen the idea that mislocalized mRNAs, or impaired axonal translation, constitute a possible etiology to neurological diseases.Table 1Axonal NSPs Associated with Neurological DisordersNeurological DiseaseConstitutive NSPsNetrin-1-regulated NSPsSema3A-regulated NSPsBDNF-regulated NSPsAmyotrophic lateral sclerosisFus, Mapt, Hnrnpa1, Hnrnpa2b1, Prph, VcpFus, Vcp, Prph, Tuba4a, Hnrnpa1, Hnrnpa2b1Fus, Sod1, Prph, Pfn1, Tuba4aFus, Sod1, Prph, Vcp, Pfn1, Tuba4a, Hnrnpa1, Hnrnpa2b1Charcot-Marie-Tooth diseaseRab7a, Aars, Gars, VcpRab7a, Vcp--Rab7a, Aars, VcpSyndromic X-linked mental retardationSyn1, L1cam, SypSyn1, L1cam, SypSyp, L1camL1cam, Syp, Atp6ap2LissencephalyPafah1B1, Ywhae, RelnPafah1B1, YwhaePafah1B1, YwhaePafah1B1, Ywhae, RelnComplex cortical dysplasia with other brain malformationsTubb, Tubb2a, Tubb3Tubb, Tubb2a, Tubb3Tubb, Tubb2aTubb2aPrimary dystoniaAtp1a3, Slc2a1Atp1a3, Slc2a1Atp1a3, Slc2a1Slc2a1Early infantile epileptic encephalopathyStxbp1, Gnao1, AarsStxbp1, Mdh2Gnao1, Mdh2Stxbp1, AarsPolymicrogyriaCol18a1, Tubb2bCol18a1, Tubb2bCol18a1, Tubb2bTubb2b, Col18a1Alzheimer's diseaseApp, MaptAppAppAppFamilial amyloidosisGsn, Apoa1Gsn, Apoa1Gsn, Apoa1Apoa1Adult-onset autosomal dominant leukodystrophyLmnb1Lmnb1Lmnb1Lmnb1Juvenile-onset dystoniaActbActbActbActbNon-syndromic X-linked mental retardationGdi1Gdi1----Pierson syndromeLamb2, Hspd1Lamb2Lamb2--Hereditary spastic paraplegiaL1camL1cam, Hspd1L1camL1cam, Hspd1Progressive myoclonic epilepsyCtsdCtsdCtsdCtsdGLUT1 deficiency syndromeSlc2a1Slc2a1--Slc2a1Autosomal dominant mental retardationCtnnb1----Ctnnb1Congenital systemic glutamine deficiencyGlulGlul--GlulEssential tremorFusFusFusFusL1 syndromeL1camL1camL1camL1camD-2-hydroxyglutaric aciduriaIdh2Idh2----RetinoblastomaCdh11Cdh11--Cdh11MedulloblastomaCtnnb1----Ctnnb1Congenital hydrocephalusL1camL1camL1camL1camParkinson's diseaseMapt--Park7Vps35Frontotemporal lobar degenerationMapt, VcpVcp--VcpNeuronal ceroid lipofuscinosisCtsdCtsdCtsdCtsdPropionic acidemiaPcca----PccaHereditary sensory and autonomic neuropathyRab7aRab7a, Cct5--Rab7aTubb3 syndromesTubb3Tubb3----Spinocerebellar ataxiaEef2Eef2----Limb-girdle muscular dystrophyDag1Dag1--Dag1Pyridoxine-dependent epilepsyAldh7a1------Ataxia telangiectasiaPcna--PcnaPcnaCongenital mirror movementsDCC------Familial encephalopathy with neuroserpin inclusion bodiesSerpin I1------Distal hereditary motor neuropathiesGars------Progressive supranuclear palsyMapt------Nemaline myopathyTpm3------AICA-ribosiduriaAtic----AticKrabbe disease--Psap--PsapLeigh syndrome----Ndufs3Pdha1[^3]

Discussion {#sec3}
==========

We established pSILAC-SP3 to uncover the nascent proteome from a subcellular compartment (the axons) of growing neurons on a rapid timescale. This approach provides a direct readout of the newly synthesized proteome and can reveal information about both the magnitude and the dynamics of *de novo* protein regulation. The sensitivity of pSILAC-SP3 is sufficient to identify hundreds of NSP changes in the axonal compartment within minutes, although it is biased toward the most abundant proteins, as in any proteomics approach. It thereby contrasts with ribosome profiling, which is more sensitive due to mRNA amplification but provides a snapshot of ribosome-bound mRNAs that can be confounded by non-translated mRNAs on stalled ribosomes. The potential underestimation of the total extent of NSP changes occurring in axons as determined by pSILAC-SP3 may be further improved by increasing the length of the SILAC pulse ([@bib16]), but this comes at the expense of temporal resolution.

Our findings revealed that protein synthesis occurs basally on a wide scale, suggesting that local translation supports proteostasis in developing axons. This agrees with the finding that proteins translated in growth cones undergo a higher degree of turnover than the more stable cell-body-derived proteins ([@bib13]). Ribosomal proteins represented the most-enriched category of basally translated proteins, possibly playing extra-ribosomal functions, as supported by our RpSA/67lr findings. A further possibility is that locally translated ribosomal proteins are exchanged on pre-assembled ribosomes to preserve the homeostasis of axonal ribosomes ([@bib58], [@bib39]). The basal axonal proteome also comprises several proteins belonging to metabolic pathways, including glycolysis. One such example, the glyceraldehyde-3-phosphate dehydrogenase, has recently been shown to constitute the minimal energy machinery for fast axonal transport of vesicles and to generate "glycolitic metabolons" for the support of the synaptic function ([@bib27], [@bib34]). Similarly, local translation of NSPs involved in amino acid biosynthesis and mitochondrial functions may be required to replenish proteins undergoing high turnover to maintain axonal metabolism, in line with studies showing that acute inhibition of axonal protein synthesis impairs axonal mitochondria and viability in rat sympathetic neurons ([@bib19]). Together, these data indicate that the developing axon, as a soma-independent subcellular compartment, helps to sustain its own biosynthetic processes and energy supply locally.

Netrin-1, Sema3A, and BDNF differentially affect axonal synthesis of multiple proteins in a cue-specific and temporally dynamic way. Interestingly, we found that the synthesis of proteasomal subunits α and β type is differentially regulated in response to different cues, raising the possibility that the degradation machinery may undergo cue-specific remodeling, leading to the formation of specialized non-canonical proteasomes with substrate selectivity. Indeed, specialized proteasomes can be generated by preferentially altering the composition of the α- (e.g., Psma4 and Psma7) and β-rings (e.g., Psmb1 and Psmb2, all detected among our cue-induced NSP changes; [@bib54], [@bib72]). Similarly, some ribosomal proteins are differentially up- or downregulated in response to distinct cues, raising the possibility that extrinsic cues may also remodel the composition of pre-existing ribosomes in axons, thus tuning the translation efficiency of specific transcripts ([@bib38]).

We also found histones and methyltransferases to be regulated in a cue-specific manner in axons. Some histone proteins have been previously identified in the extra-nuclear compartment and histone H1 has been detected in cerebellar neurites and suggested to play a role in neurite outgrowth ([@bib47]). It is interesting to speculate that axonally synthesized histone proteins may bear distinct marks encoded by cue- or compartment-specific post-translational modifications, carrying this information back to the nucleus to modulate gene expression ([@bib48]). Alternatively, the "nuclear" proteins detected may play a novel extra-nuclear function in the axon, similar to what has been shown for LaminB2 ([@bib85]).

A question our results raise is why does cue-specific nascent proteome remodeling occur even though the cues investigated yield the same type of response (repulsive) *in vitro*? This is likely due to the activation of different receptors and downstream signaling pathways. One possibility is that different NSP changes may participate in eliciting the same chemotropic response, in line with evidence that Slit and Sema3A can induce growth cone repulsion via different mechanisms ([@bib46]). Furthermore, the *in vitro* chemotropic assay classifies cues simply as repulsive versus attractive, while cues in the developing visual pathway control a variety of protein synthesis-dependent processes, such as axonal outgrowth, branching, and synaptogenesis.

We also detected NSPs that undergo the same translational regulation in response to the three different repulsive cues, suggesting the possibility that they may be involved in common chemotropic response mechanisms. For example, the cell adhesion molecule L1cam-a, which is upregulated in response to all three repulsive cues, is required for topographic mapping of retinal axons ([@bib14]). Several tubulin isotypes also undergo common proteomic changes in response to repulsive cues but different to each other, thus supporting the "tubulin code hypothesis" proposing that tubulin isotypes possess distinctive functional properties ([@bib74]). Our results also corroborate and extend the "differential translation model" for growth cone turning ([@bib42]) as β-actin decreases on the near side of a repulsive source, leading to filopodial loss, whereas RpSA/67lr is upregulated on the far side, leading to increased adhesion and filopodial accumulation, thus helping the growth cone to turn away ([Figure 6](#fig6){ref-type="fig"}G). Indeed, recent work has shown that RpSA/67lr is crucial for directional steering at critical choice points in the retinotectal pathway ([@bib2]). Collectively, these data suggest that guidance molecules rapidly induce a coordinated set of NSP changes precisely localized across the growth cone to evoke the steering response.

Finally, we found that switching the effect of these cues from repulsion to attraction induces distinct NSP changes and differentially regulates NSPs shared between repulsion and attraction. Up to 73% of these common subsets, including, for example, NSPs belonging to the "cell adhesion," "proteasome core complex," and "cytoskeleton" functional clusters, undergo opposite regulation between repulsion and attraction. In the limited cytoplasmic volume of the growth cone compartment, the number of molecules must be tightly controlled in order to avoid molecular crowding; therefore, regulating a common subset of basally translated mRNAs would arguably be more efficient than controlling a completely different subset of NSPs. Moreover, the opposite regulation of the local proteome is highly reminiscent of a phenomenon uncovered in rat hippocampal cultures in which homeostatic up- and downscaling elicits opposite regulation of 46% NSPs over a 24 hr labeling period ([@bib61]). Thus, this may be a conserved biological strategy to achieve a switch between opposite responses, especially in subcellular compartments. Yet, we also observed many NSPs with the same regulation between repulsion and attraction, suggesting opposite spatial distribution within the growth cone to help the turning, or a role independent from the chemotropic response, possibly underlying branching or synaptogenesis.

In this study, we characterized the basal and rapidly cue-induced axonal nascent proteome, providing insight into the functional landscape of axon guidance and maintenance. Our work sets the stage for new studies exploring the cue-specific translational control mechanisms and the biological function of the locally synthesized proteins. Furthermore, several of the NSPs uncovered are known to be involved in neurological disorders and suggest novel possible links between defective local protein synthesis, impaired axon maintenance/wiring, and disease. Finally, guidance cues play a role also in the adult nervous system following axonal injury to inhibit (e.g., Sema3A) or promote (e.g., BDNF) axon survival and regeneration, which involve rapid local translation and degradation ([@bib21]). Therefore, our technical approach and datasets provide a framework for studies of the nascent proteome on a rapid timescale from limited amounts of material and a resource to understand neural circuit assembly and clinical pathologies.

STAR★Methods {#sec4}
============

Key Resources Table {#sec4.1}
-------------------

REAGENT or RESOURCESOURCEIDENTIFIER**Antibodies**Anti-β-actinAbcamCat\#ab6277; RRID: [AB_305394](nif-antibody:AB_305394){#intref0010}Anti-α-tubulinSigmaCat\#T6074; RRID: [AB_477582](nif-antibody:AB_477582){#intref0015}Anti-RpSAProteintechCat\#14533-1-AP; RRID: [AB_2182528](nif-antibody:AB_2182528){#intref0020}Anti-F-actin Phalloidin Alexa Fluor 488Molecular Probes/InvitrogenCat\#A12379; RRID: [AB_2315147](nif-antibody:AB_2315147){#intref0025}Anti-puromycinMilliporeCat\#MABE343; RRID: [AB_2566826](nif-antibody:AB_2566826){#intref0030}Anti-γ-actinChemiconCat\#AB3265; RRID: [AB_11214345](nif-antibody:AB_11214345){#intref0035}Anti-Brn3aSanta CruzCat\#sc6026; RRID: [AB_673441](nif-antibody:AB_673441){#intref0040}Anti-RpL24ProteintechCat\#17082-1-AP; RRID: [AB_2181728](nif-antibody:AB_2181728){#intref0045}Anti-Rps23OrigeneCat\#TA314496; RRID: [AB_2728701](nif-antibody:AB_2728701){#intref0050}Anti-PdiSigmaCat\#P7496; RRID: [AB_261952](nif-antibody:AB_261952){#intref0055}Anti-Vamp2ProteintechCat\#10135-1-AP; RRID: [AB_2256918](nif-antibody:AB_2256918){#intref0060}Anti-H4AbcamCat\#ab10158; RRID: [AB_296888](nif-antibody:AB_296888){#intref0065}Anti-H2bAbcamCat\#ab1790; RRID: [AB_302612](nif-antibody:AB_302612){#intref0070}Anti-FusAbcamCat\#ab70381; RRID: [AB_1271242](nif-antibody:AB_1271242){#intref0075}Anti-SncgCovanceN/A (customized)Anti-Neurofilament-associated 3A10Developmental Studies Hybridoma BankCat\#3A10; RRID: [AB_531874](nif-antibody:AB_531874){#intref0080}Anti-Glur1AbcamCat\#ab183797; RRID: [AB_2728702](nif-antibody:AB_2728702){#intref0085}IgG isotype controlAbcamCat\#ab27478; RRID: [AB_2616600](nif-antibody:AB_2616600){#intref0090}**Chemicals, Peptides, and Recombinant Proteins**Netrin-1R&D SystemsCat\#1109-N1Sema3AR&D SystemsCat\#1250-S3BDNFSigmaCat\#B3795TautomycinCalbiochemCat\#580551Sp-cAMPSigmaCat\#A1668-Br-cGMPSigmaCat\#B1318Poly-L-lysineSigmaCat\#P1274LamininSigmaCat\#L2020Leibovitz L-15 medium-Lys-ArgGIBCO Life TechnologiesN/A (customized)Stable isotope-coded amino acids Lys4Silantes GmbHCat\#211103913Stable isotope-coded amino acids Lys8Silantes GmbHCat\#211603902Stable isotope-coded amino acids Arg6Silantes GmbHCat\#201203902Stable isotope-coded amino acids Arg10Silantes GmbHCat\#201603902PuromycinSigmaCat\#P8833Sera-Mag Speed Beads AGE HealthcareCat\#24152105050250Sera-Mag Speed Beads BGE HealthcareCat\#44152105050250Trypsin/LysCPromegaCat\#V5071**Critical Commercial Assays**RNAqueous-Micro Total RNA Isolation KitInvitrogenCat\#AM1931OneStep RT-PCR kitQIAGENCat\#210210Duolink *in situ* PLA kitSigmaCat\#DUO92014**Deposited Data**Proteomics dataThis paperPRIDE: [PXD005469](pride:PXD005469){#intref0095}**Experimental Models: Organisms/Strains***X. laevis*Nasco<https://www.enasco.com/p/LM00535MX/>**Oligonucleotides**β-actin: *for* 5′ CCTGTGCAGGAAGATCACAT 3′,\
*rev* 5′ TGTTAAAGAGAATGAGCCCC 3′SigmaN/Aɣ-actin: *for* 5′ GCGGATCTGACAGCTACTG 3′,\
*rev* 5′ ATCCATACAGAATGTTTTGGG 3′SigmaN/ABrn3: *for* 5′ TGAGCGATTCAAGCAGAGGAGG 3′,\
*rev* 5′ TGCGACAGGGTGAGGGATTCAAAC 3′SigmaN/ATau: *for* 5′ TCTGCCAAGAGCCGCCTTCA 3′,\
*rev* 5′ GGACTGCACGTTGCCCAAATCC 3′SigmaN/AMap2: *for* 5′ CGATCATCCTTGCCAAGACCTTCCTC\
3′, *rev* 5′ GCGACCTGGAGATTGGGTGATGATTT 3′SigmaN/AGlur1: *for* 5′ GGGATTGGCCATGCTTGTTG 3′,\
*rev* 5′ GCCATTCCTGCACTGTGGCTCA 3′SigmaN/AIcam5: *for* 5′ TCCACCTGCAGCATTCCAGTCC 3′,\
*rev* 5′ TGGGGAGGCCTTCTGCATCA 3′SigmaN/A**Software and Algorithms**Volocityv.6.3.1RRID: [SCR_002668](rridsoftware:SCR_002668){#intref0105}GraphPad PRISMv.5.0cRRID: [SCR_002798](rridsoftware:SCR_002798){#intref0110}ImageJv.149RRID: [SCR_003070](rridsoftware:SCR_003070){#intref0115}DAVIDv.6.8RRID: [SCR_001881](rridsoftware:SCR_001881){#intref0120}KEGGN/ARRID: [SCR_012773](rridsoftware:SCR_012773){#intref0125}Stringv.10.5RRID: [SCR_005223](rridsoftware:SCR_005223){#intref0130}Maxquantv.1.4.1.2RRID: [SCR_014485](rridsoftware:SCR_014485){#intref0135}Perseusv.1.5.1.6 or 1.5.5.3RRID: [SCR_015753](rridsoftware:SCR_015753){#intref0140}

Contact For Reagent and Resource Sharing {#sec4.2}
----------------------------------------

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Christine E. Holt (<ceh33@cam.ac.uk>).

Experimental Model and Subject Details {#sec4.3}
--------------------------------------

### *Xenopus laevis* Embryos Maintenance {#sec4.3.1}

*Xenopus laevis* embryos of either sex were obtained by *in vitro* fertilization as previously described ([@bib8]), raised in 0.1x modified Barth's saline (MBS; 0.88 mM NaCl, 0.01 mM KCl, 0.024 mM NaHCO~3~, 0.1 mM HEPES, 8.2 μM MgSO~4~, 3.3 μM Ca(NO~3~)~2~, 4.1 μM CaCl~2~) at 14--22°C and staged according to [@bib53]. This research has been regulated under the Animals (Scientific Procedures) Act 1986 Amendment Regulations 2012 following ethical review by the University of Cambridge Animal Welfare and Ethical Review Body (AWERB).

Method Details {#sec4.4}
--------------

### Retinal Explant Cultures and Axotomy Assay on Transwell Filter {#sec4.4.1}

Whole retinas of anesthetized embryos stage 33/34-35/36 were dissected and cultured at 20°C for 24 hr in 60% L15 minimal medium (Invitrogen), 1x Penicillin Streptomycin Fungizone on glass bottom dishes (MatTek) or on the top compartment of 6-well hanging inserts with 1 μm membrane pores (Falcon), coated on both sides of the membrane with poly-L-lysine (10 μg/ml) and only on the bottom side with laminin (10 μg/ml).

For the pSILAC experiment 100 eye explants were cultured per condition. Prior to stimulation, retinal explants were removed, scraped, and washed off 7 times from the top compartment of the filter, leaving the somaless axons (∼2 μg protein typical yield) at the bottom. Each cue was added together with stable isotope-coded amino acids to the somaless axons for the time indicated. After stimulation the membrane was cut away, rinsed with ice cold PBS and lysed for protein extraction.

### Pharmacological Treatments {#sec4.4.2}

Stimulations were carried out using the following concentrations: Netrin-1 (600 ng/ml), Sema3A (150 ng/ml), BDNF (200 ng/ml), Tautomycin (4 nM), Sp-cAMP (20 μM), 8-Br-cGMP (100 μM).

### Pulsed Stable Isotope Labeling by Amino Acids in Cell Culture {#sec4.4.3}

All experiments were performed in at least three independent biological replicates. Retinal explants were cultured in SILAC *light* medium (Lys0, Arg0) for 24 hr and incubated in depletion medium (-Lys, -Arg) for 60 min prior pulse labeling. Subsequently, cell bodies were removed and somaless axons were incubated for the desired time (5, 15 or 30 min) with *medium* (M) (Lys4, Arg6) or *heavy* (H) isotope-coded amino acids (Lys8, Arg10). At each time point corresponding samples were lysed, immediately pooled, and processed by SP3.

### Single-Pot Solid-Phase-Enhanced Sample Preparation {#sec4.4.4}

Axons were harvested by addition of lysis buffer (1% SDC, 0.1% SDS, 100 mM TrisHCl ph 8.5, 10 mM DTT, 1x protease inhibitor EDTA free). Samples were supplemented with 25 units Benzonase nuclease (Merck), and lysed in a Bioruptor (Diagenode) for 5 min (cycle 30/30, 4°C). Alkylation was performed by addition of 30 mM Chloroacetamide followed by incubation in the dark for 30 min. Protein clean-up, digestion, and peptide clean-up were performed using a modified version of the recently developed ultrasensitive sample preparation protocol SP3 ([@bib30]). In brief, 5 μL of beads (1:1 mixture of hydrophilic and hydrophobic SeraMag Carboxylate-Modified beads, GE Life Sciences) were added to each sample. Acidified acetonitrile was added to achieve a final fraction of organic solvent of 50%. Beads were incubated for 10 min to allow complete binding of proteins to the beads. Protein clean-up was performed by subsequent wash with 70% Ethanol and once with Acetonitrile. For digestion, 0.1 μg sequencing grade Trypsin/LysC (Promega) was added and digestion was performed at 37°C for 16 hr. Peptides were eluted with 9 μL 5% DMSO. 1 μL 10% formic acid was added and samples were stored at −20°C prior MS analysis.

### Mass Spectrometry {#sec4.4.5}

Samples were analyzed on Orbitrap Velos Pro, Q-Exactive, or Orbitrap Fusion mass spectrometers (all Thermo Scientific) using default settings. Mass spectrometers were coupled to UPLC systems (Waters nanoAcquity UPLC or Thermo EASY LC 1200). Peptides were loaded onto trap columns (Waters nanoAcquity Symmetry C~18~, 5 μm, 180 μm × 20 mm \[for Waters nanoAcquity UPLC\] or Acclaim PepMap100 C18 Nano-Trap 2cm × 100 μm × 5 μm \[for EASY nLC 1200\]) with Buffer A (0.1% formic acid in water) and separated over 25 or 50 cm analytical columns (Acclaim PepMap RSLC, 75 μm × 2 μm) using 90, 145, or 240 min linear gradients from 3%--40% Buffer B (0.1% formic acid in Acetonitrile). Peptides were introduced into the mass spectrometer using a Pico-Tip Emitter (360 μm outer diameter × 20 μm inner diameter, 10 μm tip, New Objective). MS2 Fragmentation was set to HCD (Q-Exactive and Fusion) or CID (Orbitrap Velos Pro), and MSMS scans were acquired in the ion trap (Orbitrap Velos Pro and Fusion) or Orbitrap (Q-Exactive).

### Proteomics Data Processing {#sec4.4.6}

Raw data were processed with Maxquant (version 1.4.1.2) ([@bib12]) using default settings. MSMS spectra were searched against the *Xenopus laevis* Uniprot database (v20140925) concatenated to a database containing protein sequences of common contaminants. Enzyme specificity was set to trypsin/P, allowing a maximum of two missed cleavages. Cysteine carbamidomethylation was set as fixed modification, and methionine oxidation and protein N-terminal acetylation were used as variable modifications. The minimal peptide length allowed was set to six amino acids. The mass tolerances for peptide identification were set to 20 ppm for the first search, and 4.5 ppm for the main search. Global false discovery rates for peptide and protein identification were set to 1%. The match-between-runs and re-quantify options were enabled.

### Reverse Transcription Polymerase Chain Reaction {#sec4.4.7}

RNA was extracted from using RNAqueous-Micro Total RNA Isolation Kit. Primers were designed using *Primer3Plus* software. The annealing temperature used was 58°C for β-actin and Brn3, 65°C for ɣ-actin, 64°C for Map2, GluR1 and Icam5, and 63°C for Mapt.

### Immunocytochemistry {#sec4.4.8}

Retinal cultures were fixed by paraformaldehyde except for anti-β-actin (AC-15 FITC) where methanol fixation was carried out.

### Immunohistochemistry {#sec4.4.9}

Embryos were euthanized and fixed overnight with 4% formaldehyde. The embryos were cryoprotected by infiltration with 30% sucrose for 1 hr, embedded in O.C.T. (Scigen) and frozen. 14 μm serial cryosections were cut and immunostained.

### Puromycilation of NSPs and Proximity Ligation Assay {#sec4.4.10}

Retinal cultures were incubated with puromycin (2 ng/μl) for the condition and time (up to 15 min) of interest, fixed, and incubated with anti-puromycin antibody and the antibody against the protein of interest. Subsequently, Proximity Ligation Assay (PLA) was carried out using species-specific probes ([@bib75]).

### Growth Cone Gradient Assay {#sec4.4.11}

Retinal explants from embryos stage 35/36 were cultured for 14-18 hr on coverslips coated with poly-L-lysine (10 μg/ml) and laminin (10 μg/ml). Sema3A (9 μg/ml) or control polarized gradients were established by pulsatile ejection as described previously ([@bib9]) for 7 min placing the micropipette at 70 μm distance and at an angle of 90° relative to the growth cone and to the initial axon shaft ([@bib41]). Subsequently samples were immediately fixed and stained for β-actin and RpSA.

Quantification and Statistical Analysis {#sec4.5}
---------------------------------------

### Statistics {#sec4.5.1}

Data were analyzed with PRISM 5 (GraphPad). Data are presented as mean and error bars represent SEM. All experiments were performed in at least three independent biological replicates. Details of statistical tests used and p values are presented in the figure legends.

^∗^p ≤ 0.05, ^∗∗^p ≤ 0.01, ^∗∗∗^p ≤ 0.001, ^∗∗∗∗^p ≤ 0.0001, ns: non-significant.

### Quantification of Immunofluorescence {#sec4.5.2}

For the quantification of fluorescence intensity, isolated growth cones were selected randomly with phase optics. Pixel saturation was avoided and the same gain and exposure settings were used for digital capture of images for each experiment which was performed during the same day. The outline of each single growth cone was traced using the phase image to define the region of interest (ROI) and the mean pixel intensity per unit area was measured in each channel using *Volocity* software. The background fluorescence was measured in a ROI as close as possible to the growth cone selected and subtracted to the mean fluorescence value of the growth cone.

For the growth cone gradient assay IF ratio analysis, the growth cone was bisected into two areas by a line drawn through the axon shaft and the background fluorescence level was subtracted. For the center of mass analysis, measurement was calculated as the average of all pixel locations weighted as intensity by using *ImageJ* software. The center of mass of the bright field was subtracted from the center of mass of the fluorescence signal.

### Bioinformatic Data Analysis {#sec4.5.3}

For protein quantification, a minimum ratio count of 2 was set, considering unique and razor peptides. The iBAQ was calculated to determine relative abundance levels of the pre-existing light-labeled proteins. Protein ratios were log~2~-transformed, and H/M ratios of NSPs were normalized to the median using the Perseus computational framework. NSP changes were filtered applying the following criteria per each treatment, unless otherwise specified in the text: (1) quantified in \>50% of biological replicates, (2) SD ≤ 1, (3) average log~2~ ratio larger than 0.3 or smaller than −0.3. Subsequently NSPs that fulfilled the following criteria were subjected to further statistical analysis. To test whether the log~2~ ratio of each NSP was significantly different from zero, p values were computed by a moderated t test implemented in the R/Bioconductor package limma ([@bib60]). p values were corrected for multiple testing by controlling the false discovery rate with the method of Benjamini-Hochberg. Hierarchical clustering of proteins was performed in Perseus on log~2~ transformed ratios, using Euclidean distances and average linkage. Enrichment of categorical annotations (Gene Ontology) was determined using DAVID. Pathway and disease analyses were carried out using KEGG. Interaction network analysis was obtained by employing String v10.5 database ([@bib69]). Each node represents a NSP change and each edge shows protein-protein interaction. Proteins with related functions were clustered together based on enrichment of categorical annotations (Gene Ontology) obtained using DAVID and disconnected nodes were removed from the plot for simplicity.

Data and Software Availability {#sec4.6}
------------------------------

The accession number for the mass spectrometry proteomics data reported in this paper is ProteomeXchange Consortium via PRIDE ([@bib79]): PXD005469.

Supporting Citations {#app3}
====================

The following references appear in the Supplemental Information: [@bib4], [@bib7], [@bib17], [@bib20], [@bib22], [@bib35], [@bib36], [@bib50], [@bib52], [@bib57], [@bib63], [@bib68], [@bib73].

Supplemental Information {#app2}
========================

Document S1. Figures S1--S7 and Tables S1 and S2Table S3. Basal and Cue-Induced Nascent Axonal Proteomes, Related to Figures 1--7Table S4. Cue-Induced Nascent Axonal Proteomes, Related to Figure 7Table S5. Cue-Induced NSP Changes in Common between Repulsion and Attraction, Related to Figure 7Table S6. Sequences of All Identified Peptides, Including Scoring Metrics and Raw Intensities, and Overlap between Replicates on Peptide and Protein Level, Related to Figures 1--7Document S2. Article plus Supplemental Information

We thank N. Marsh-Armstrong and F.L. Watson for the anti-Sncg antibody; A. Dwivedy for the Brn3a IF ([Figure S1](#mmc1){ref-type="supplementary-material"}A); J. Schaeffer for the anti-Pdi antibody; W.A. Harris, H. Jung, H.H. Wong, C.G. Roque, and L. Abraham for critical comments; and A. Dwivedy, K. Mooslehner, A. Merlotti, and A. Azizi for technical assistance. This work was supported by BBSRC (RG68461) (R.C.), EMBO postdoctoral fellowship (LTF1006-2013) (C.K.F.), Wellcome Trust Programme Grant (085314/Z/08/Z), and ERC Advanced Grant (322817) (C.E.H.).

Author Contributions {#sec6}
====================

R.C. and T.S. carried out eye explant cultures and pSILAC. R.C. performed axotomy assay, RT-PCR, bioinformatic data analyses, qIF, puro-PLA, growth cone gradient assays, and live imaging and interpreted the data. C.K.F. performed SP3, MS, and bioinformatic data analyses. C.E.H. designed [Figure 1](#fig1){ref-type="fig"}A schematic. R.C. and C.E.H. wrote the manuscript. All authors commented on the manuscript. C.E.H. and J.K. supervised the project.

Declaration of Interests {#sec7}
========================

The authors declare no competing interests.

Supplemental Information includes seven figures and six tables and can be found with this article online at [https://doi.org/10.1016/j.neuron.2018.06.004](10.1016/j.neuron.2018.06.004){#intref0150}.

[^1]: These authors contributed equally

[^2]: Lead Contact

[^3]: Neurological disorders were selected from the "KEGG disease" output.
